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1.0 INTRODUCTION 

Catalytic hydrocracking is a flexible reliming process that can accommodate a wide range of feedstocks 
and generate a range of useful producu. Part of this flexibility derives from the use of a bifunctional catalyst. A 
metal function allows for hydrogenation of polynuclear aromatics (PNAs) and dehydrogenation of alkanes to 
olefm intermedialer An acid function promotes isomerization and cracking. Acting in concert, these functions 
and the process conditions of temperature, hydmgen pressure. WHSV, etc., combine to lower the molecular 
weight and increase the HK d o  of the feedstock. 

Clearly the feedstock specifications also play a crucial role. For example, in PNA hydrocracking. the 
apparently subtle reactant sv~clural  feature of six versus five carbon-containing rings can lead to important 
process implications. The hydrocracking of PNA's containing exclusively six-carbon-membered rings, such as 
anthracene, phenanthrene and naphthalene, proceeds by the predominant patterns 1-3 oE terminal ring 
hydrogenation. followed by cyclohexyl ring isomerization, ring opening and dealkylation to yield a lower 
molecular weight ammatic product and Light gases (e.g., C4). On the other hand, the reaction of the five-carbon- 
membered ring containing PNA fluoranthene (I) involves hydrogenation to teuahydrofluoranthrene. center ring 
opening to 5-phenyl tetralin, and biphenyl bond cleavage to teualin and benzene, as shown in Equation I? 

Table 1 summarizes important hydmcracking pathways of fl~oranthene~, 9-ethyl fluorene, 9-phenyl 
anthracene, and 2-phenyl naphlbalene deduced from reactions with H2 and an indusbial equilibrated NMMSY- 
Zeolite cafalyst These model compounds all generate shuctures that can undergo the direct biphenyl cleavage. 
Inspection of Table 1 reveals the minimum structwal moiety for direct biphenyl cleavage. Fluomthene. 2- 
phenyl naphthalene. and 9-phenyl anthracene, all fully ammatic, require hydrogenation and cracking steps before 
they have the shucture capable of direct biphenyl cleavage which occurs from rows 111 to IV in Table 1. In 
contrast, 9-ethyl fluorene has aliphatic character and as a result requires fewer uansformations before forming 2- 
propyl biphenyl, which can be directly cleaved. 

It is also instructive to consider the reactions of related compounds that did not follow the ef?icient bond 
cleavage pahway. Fluorene, for example, ring opens to I-phenyl toluene, which contains a benzylic hydride but 
not the additional p saturated carbon whose deprotonation to an olefin would allow hydrogenation to afford the 
f d  alkyl-substituted product '. 2-Methyl biphenyl likewise suffers from the Same shuctural deficiency. and 
undergoes only isomerization reactions. Biphenyl does not directly cleave to form two moles of benzene per 
mole of biphenyl reacted; rather. it is postulated thal cracking occurs via cyclohexyl benzene. Thus the 
minimum structure necessary for efficienl cleavage is proposed Lo be a biphenyl moiety with an alkyl group, 

207 



comprising at least two carbons. bonded ortho IO the biphenyl bond. 

Additional experiments with the NiMoRISY-Z industrial catalyst and 9-ethyl fluorene revealed 
kinetically significant reactions: cleavage of the center fused cyclopentyl ring, transalltylation. and condensation 
reactions IO form 9-methyl phenanthrene. Comparison of the 5-phenyl temlin and 2-propyl biphenyl 
intermediates observed from reaction of fluoranthene and 9ethyl fluorene, respectively, highlights the causes of 
these new pathways. The formal [I>] shift is the only significant pathway for 5-phenyl tetralin. In contrasL the 
n-propyl group can participate in ring closure and uansalkylation. Thus somewhat subtle changes in reactant 
structure can engender a wide range of available pathways. It is reasonable to expect similar sensitivity with 
regard lo catalyst strucrure. 

’Ihe reactions noted above comprise several key molecular msitions: hydrogenation, the net [ I S ]  
biphenyl cleavage, center ring opening of cyclopentyl ring, isomerization. transalkylation. and ring closure.. 
Each of these is influenced by the catalyst propelties to a different degree. Herein, we report the preliminary work 
aimed to determine the catalyst function that influences the kinetics of each. 

As a f m t  step, the acidity of the catalyst was probed by varying the sodium content of the zeolite-Y 
support The procedure used followed the early work of Ward 6-9 and Hansford and Ward ’Os1 ’ . These 
workers concluded that the concentralion of Bmnsted acid sites increases linearly with decreasing sodium content 
of the zeolite until 60-705% of the sodium ions have been replaced. They also found that o-xylene isomerhiion 
activity increased with decreasing sodium contenL The activity per site also increased with decreasing sodium 
content. 

The foregoing suggesu that hydrocracking reactivity can be viewed as a rate functional: which 
combines snucWfunct ion relations f(S) for both the catalyst (Sc) and reactant (Sa. Observed reactivity R is 
thus a function of both f(Sc) and f(SR). as in Equation (2). 

The objective of this paper is lo report the results of hydmmcking experiments with a standard 
commercial catalyst and a range of KaClant molecules, as a probe of f(sR). and also experimenu involving a 
probe reactant (9ethyl fluorene) and a range of carefully prepared catalytic materials that mimic aspects of the 
indusvial catalyst The goal is lo lay a foundation for unraveling more quantilative aspects of R. 

2.0 EXPERIMENTAL PROCEDURES 

2.1 Material Synthesis 

zeolite) and synthesized zeolite were used. Sodium zeolite Y was synthesized following an early patent by Breck ’’. Zeolite-Y was synthesized from an aged gel and then washed and f d d .  The samples were dried overnight 
at 110°C and lhen calcined under a flow of air. The calcination program was heating at 350T for lhree hours and 
then calcining at 500°C for four hours. 

m e  catalysts prepared for the present work were designed as follows: both commercial (Smm Na-Y 

A series of acid supports was made by ion exchanging either commercial or synthesized zeolite-Y with 
ammonium nirrate solutions. The hydrogenation activity was provided by sullided CoMo. The metal loading 
and in!mduction meihods are as reported by Cid and co-workers l4-I6. The metal function was varied through 
the use incipient wetness impregnation, ion exchange/ipregnation. and rotary vacuum impregnation. 

2.1 Zeolite Characterization by XRD and TEM 

X-Ray powder diffraction (XRD) of the zeolite samples was accomplished using a Philips XRG 3OOO x- 
ray generator coupled to an AF’D 3520 controller. n e  radiation employed was CuKa with a wavelength of 
1.540562 A. All samples were scanned from 6O to 60° 28. The peak heights above the background of the 5 
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largest peaks of calcined NaY were used to compute % crystallinity according to: 

% Crystallinity = (- I x l o o  
(Chts. of 5 peaks)standard 

Metal oxide and metal sulfide species in the catalyst samples were identified using Table 2 which lists the 
characteristic peaks for each of the non-zeolitic phases. 

Transmission elecvon microscopy m M )  of the samples was accomplished using a philips EM 400 
hammission electron microscope. n e  sample was prepared for microscopy by dispersing some of the zeolite in 
n-hexane. uansferring a drop of the suspension onto a copper grid and allowing the solvent to evaporate. The 
average crystal size of the parent zeolite. n, was o w n e d  fmm micrographs by counting and measuring - ux) 
cryslals. Nole that n = Z((dini)/ki where di is the diameter of the ith panicle and ni is the number of crysulls of 
diameter i. 

2.2 Catalytic Hydrocracking Reactions 

The hydrocracking pathways and hnetics of 9ethyl fluorene. 9-phenyl anthracene and 2-phenyl 
naphthalene in he presence of an equilibrated NiMdZ-USY w m  studied I 310380T and 153 am hydrogen. 
Experimental methods am delailed elscwhere 4,17. In brief. hydrocracking experiments were conducted in a 
batch autoclave or in batch agilated tubing bombs. Expenments conducted in he slirred batch autoclave were in 
the presence of hexadecane solvent. whereas reactions in the tubing bombs were withour 

Additionally. the hydmcmking of 9ethyl fluorene, I-phenyl naphthalene. biphcnyl. and naphthalene in 
the presence of the synlhesized cakdytic nmenals were studied at325T and 153 atm. hydrogen pressure. These 
experiments were conducted in 12cm3 SS agitated tubing bombs in the absence of solvent. 

H2/10% HzS at flow rate of 30 cm3/m,n for 2 hours at 400°C. Gas chromatography and gas 
chromatography/mars spcmmeoy  were uscd to identify liquid.phase reaction products. 

For all lypes of experiments, the catalyst was ground to 80-100 mesh. It was then sulfided with 90% 

3.0 RESULTS AND DISCUSSION 

3.1 Zeolite Characterization 

XRD analyses showed that CoMoO4 was found in all samples whether the cobalt be inuoduced by 
impregnation or ion exchange. Co(imp)Mo(imp)NaY also showed evidence of C q O 4 ,  but after exchange with 
N&+ and subsequent calcination, this oxide could no longer be detected. MOO3 could not be unambiguously 
assigned to any of the samples, except for Co+mp)Mc+np)NaY, since its two strongest lines very nearly 
coincide with Nay lines 15. The sulfided Co(ex)Mo(imp)NaY did not contain x-ray crystalline CogSs or 
MoS2. Note, however, that since the detection Limit of XRD is - 2nm. the above results do not necessarily 
imply that the oxide and sulfide species mentioned were absent 

Table 3 lisu the crystallinities of thecalcined materials. Clearly impregnation decreased Crystallinity. 
This has also been reporled by Cid et al. 14,15 who observed crystallinities < 40% for high Mo loadings (9% 
and above). The loss of crystallinity upon impreghalion was ascribed to the parual d e s w t i o n  and distortion of 
the zeolile lauice by the interaction of molybdate anions with framework oxygen. It was noteworthy that 
impregnation by the rotary evaporation technique yielded slightly more crystalline materials than the incipient 
wetness technique. When Co was inco~~~lated into the zeolite by aqueous ion exchange prior to Mo 
impregnation. the reduction in crystallinity was far Iw pmnounced. 

The results from the ' E M  showed an average crysral size of 0.7 p, with a sue range of 0.2 - 1.1 p. 
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3.2 Reactant and Catalyst Structure/Function 

Reliminary reactions are reported with the following materials: a CoMo imprepaled Slrem sodium 
zeolib-Y (Co(I)Mo(I)/Na-Y), Co ion exchanged Mo h p r e g ~ I e d  Strem sodium zeolite-Y (Co(ex)Mo(I)/Na-Y). 
and a CoMo impregnated onto a twice ammonium exchanged, calcined Smm sodium zeolite-Y 
(Co(I)Mo(l)/Suem 2X ex NaH-Y). AU impregnations used the incipient wetness technique. Reactions with 
biphenyl, naphthalene, 9ethyl fluorene, and I-phenyl naphthalene reactants revealed broad mds. Under the 
reaction conditions of 325OC. 150 a m  hydrogen, the main reaction product yield and selectivities are summarized 
in Table 4. 

The first catalyst used was the CoOMoiJ)/Na-Y. Naphthalene.1-phenyl naphrhalene. 9ethyl fluorene, 
and biphenyl were separately contacted. For naphthalene and I-phenyl naphthalene, the main m t i o n  was 
hydrogenation. Naphthalene hydrogenated to temlin; no decalins were observed. The selectivity to teoalin 
formation was 54% after 30 minutes reraction time. 'Ihe naphthalene moiety of 1-phenyl naphthalene was 
preferentially hydrogenated as the main product was I-phenyl-1~.3,4-teaahydronaphthalene. The hydrogenation 
kinetics of naphthalene and 1-phenyl naphthalene were of the same order of magnitude. Biphenyl and 9ethyl 
fluorene did not react over this catalyst. 

The second catalyst examined was a Co(ex)Mc@/Smm Na-Y. Naphthalene, I-phenyl naphthalene. 9- 
ethyl fluorene, and biphenyl were individually reacted. 

Naphthalene hydrogenated to teualin with the cobaltexchanged catalysr some transalkylation reactions 
o c c d  to form methyl naphthalenes. The selectivities for tetraln, 2-methyl naphthalene. and I-methyl 
naphthalene were 59.7.4. and 4.2%. respectively, after 25 minutes reaction time. The kinetics of hydrogenation 
were of he same order of magnitude as with the previous catalyst sample. 

minutes). All four hydrogenation products of I-phenyl and 2-phenyl naphthalene also formed. The temporal 
varialion of products' yields showed lhat 1-phenyl and 2-phenyl-l,2,3,4 Wahydronaphthalenes cleaved to form 
terralin and benzene. 

I-Phenyl naphthalene preferentially reacted lo form %phenyl naphthalene (selectivity of 69%. 30 

Biphenyl underwent predominantly lransalkylation reactions to form methyl biphenyls and fluorene with 
the Co(ex)Mo(I)/Na-Y catalyst. No single ring cleavage products were observed. 

Finally, 9ethyl fluorene was exposed 10 the Co(ex)MNI)/Na-Y catalys~ The center cyclopentyl ring 
cleaved to form 2-propyl biphenyl (selectivity of 0.75%). No single ring aromatics or naphthenics were observed 
in the product spectrum. The intermediate 2-propyl biphenyl did undergo ring closure to form 9-methyl-9,lO- 
dihydrophenanlhrene and, ultimaely, 9-methyl phenanthrene (selectivity of 1.8.3.8%, respectively, 32 minutes). 
Transalkylation reactions were dominant. forming methy1,ethyl-fluorenes with a selectivity of 45%. 32 minutes. 

m e  third catalyst was a Cc@MoOi2x(ex) NaH-Y. The reaction of 9ethyl fluorene led to center ring 
cleavage and Iransalkylation as the predominant reactions. The selectivity lo 2-propyl biphenyl was 2.6% (40 
minutes). The selectivity for the transalkylation products was 1 I% after 40 minutes. 
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Table 2: Identification of non-zeolitic phases 

Species Largest peak (2Q) 2nd largest peak (2Q) 

CT304 36.80 31.30 (*) 

M0o-j 27.30 (*) 23.30 (*) 
CoM004 26.50 23.30 (*) 
cogs8 52.00 29.90 (*) 

(*) :partial overlap with NaY peaks 
MoS2 14.40 39.50 (*) 

Table 3: XRD Crystallinities of metal-zeolite Y materials 

NaY 100 
NaHY(2x exch.) 100 
Co(imp)Mo(imp)NaY 25 
Co(imp)Mo(imp)NaHY(2x exch.) 30 
Co(imp)Mo(imp) rot vap. NaY 45 
Co(imp)Mo(imp) rot. vap. NaHY (lx exch.) 40 
Co(ex)Mo@np)NaY 90 
Co(ex)Mo(imp)NaY, sulfided 70 

Note: rot. vap. = impregnation by rotary evaporation. Other samples impregnated by incipient 
wetness 

. 213 



Table 4. Hydrocracking reaction selectivities for naphthalene, I-phenyl 
naphthalene, 9ethyl fluorene, and biphenyl 

Reactant: 

Catalyst: 
T. 'C 
Plam (at T) 
1. mm 
umvasion of xactanl 

Product Selectivities 

b e  
cyclohexyl benzene 
methyl indans 
tetralin 
naphthalene 
mwlyl letralis 
2me naphthalene 
Ime naphlhalene 
2-methyl biphenyl 
3-methyl biphenyl 
Cmethyl biphenyl 
hexahydro flumes 
Zpropyl biphenyl 
mw 16% 
k x a h ~ ~ - f l ~  
fluorene. 38.09 
9-me dihydm phenamlume 
methyl 9-1 fluorene8 
UhylW fluorene. 53.18 
9-me phenanthrene. 60.4 
I-phenyl tetralin 

Ephenyl kualin 
2-phenyl naphthalene 
phenyl leualins 
meUlyl phmyl naphthalenes 

1 = Co(l)Mo(IyNa-Y 
2 = cooMoo/Na-Y 
3 = co(l)Mo(IyLxNaH-Y 

Naph 1-PN Naph I-F'N 9-et fl biphenyl 9-el fl 

1 1 2 2 2 2 3 
325 325 325 325 325 325 325 
150 150 150 150 150 150 150 
30 21 25 30 32 25 40 

0.057 0.065 0.634 0.877 0.111 0.035 0.075 

6.71E-02 

3.11E-03 
SA2E-01 2.79&02 5.90E-01 7.14&02 

1.89&02 8.69E-03 
2.82E-02 1.16E-03 

1.6OE-02 7.39EU2 6.01E-04 
5.46E-(n 4.18E-02 5.04E-W 

2.46802 
7.54803 
1.21 E01 
3.54EM 
5.94E-03 
3.78E-02 
4.54E01 
4.50E-02 
3.75E-02 

3.51B01 
9.74B02 

1.04E-02 
6.97E-03 
6.90E-01 
1.88E-01 
1.02802 

3.55E-02 
2.84E-02 

3.7OE-02 
1.35E-01 
4.15E-01 

1.37E-01 
2.59E-02 
1.38E-01 
1.89E-01 

1.20E-01 6.5Z.E-02 

LIOE-01 
6.75E-02 
5.998-03 
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